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Abstract 
(220)- and (422)-oriented Co-doped n-type ȕ-FeSi2 films were formed onto p-type Si (100) by radio frequency (RF) 
magnetron sputtering using a FeSi2 target which placed square Co chips and by subsequent annealing at 900 ºC for 20 
h. The effects of annealing time (ta) and Co-doping on crystal structures and electrical properties were investigated by 
X-ray diffraction (XRD), Hall and current-voltage (I-V) measurements. The ta dependence showed that all the 
annealed un-doped ȕ-FeSi2 films exhibited n-type conductivity with electron concentration of 2 × 10
16 - 7× 1016 cm-3,
while the Co-doping dependence showed that n-type ȕ-FeSi2 films with electron concentrations ranging from 10
16 to 
1020 cm-3 were successfully formed. I-V characteristics of n-ȕ-FeSi2/p-Si demonstrated rectifying properties showing 
a decrease in reverse-bias current with increasing ta, which can be explained by an improvement of crystalline quality 
of ȕ-FeSi2 films as evidenced by XRD. I-V characteristics of Co-doped n-ȕ-FeSi2/p-Si diodes also revealed an 
increase in current under forward and reverse bias, which can be caused by an increase in minority electron 
concentration in p-Si and by an increase in generation-recombination current at the depletion layer. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Guest Editors of 
Physics Procedia, Publication Committee of ASCO-NANOMAT 2011 
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1. Introduction 
Semiconducting ȕ-FeSi2 is a promising environmental-friendly material since it is composed of 
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nontoxic elements that are abundant on earth. Among the 9 types of semiconductor compounds available, 
ȕ-FeSi2 has attracted considerable attention for its potential applications in photovoltaic devices, 
thermoelectric devices, and light emitting diodes (LED). So far, theoretical efficiencies of 16–23 % have 
been estimated for solar cells. ȕ-FeSi2 has a band gap of 0.80 – 0.81 eV, good chemical and physical 
stability at high temperatures and high resistance to oxidation. Moreover, it can be grown on Si substrates 
epitaxially [1]. It should be noticed that the formation of ȕ-FeSi2 films with controllable electron and hole 
concentrations must be required to realize such devices. 
In this study, we prepared Co-doped ȕ-FeSi2 thin  ¿lms  by  RF  magnetron  sputtering,  which  can  be  
utilized for future mass production and investigated their structural and electrical properties to realize 
future green device applications such as LED, photovoltaic solar cells and thermoelectric devices. 
2.  Experimental 
ȕ-FeSi2 thin films were deposited onto p-type Si(100) substrates with resistivity of 4×10
3 ȍ cm  at  
room temperature by radio frequency (RF) sputtering (SPH-210H, Canon-anelva Co.) at 1×10-2 torr in a 
constant Ar gas flow of 8 sccm, using a FeSi2 target (99.99 % pure, ࢥ 4 inches). Some Co square chips (2 
× 2 mm2 or 5× 5 mm2, 1 mm in thickness) were concentrically placed on the FeSi2 target to control carrier 
concentration of FeSi2 films. Sputtering power (Ps) either of 100 W or 200 W was used for deposition of 
FeSi2 films and their thickness (d) was controlled to be 300 nm – 1000 nm by adjusting sputtering time 
and power. After deposition, the ȕ-FeSi2¿lms were subjected to high-temperature annealing at 900 ºC for 
different annealing time (ta) of 2 h – 20 h using an infrared lamp (Mila 3000, ULVAC-RIKO Inc.) in a 
continuous H2 gas flow to improve their crystalline quality. After the annealing, the Al electrodes were 
deposited on the top of ȕ-FeSi2 films and/or bottom Si surfaces to perform Hall measurements and current
–voltage (I-V) measurements at room temperature, respectively and then samples were sintered at 400 
ºC for 2 min in N2 atmosphere. X-ray diffraction (XRD) analysis was performed to investigate the 
crystallographic orientation. 
3. Results and discussion 
Fig.  1  shows comparison of  the  XRD spectra  for  films  (d=500 nm) with Ps=200 W and ta=20 h (a), 
Ps=100 W (as-deposited) (b), Ps=100 W and ta=5 h (c), and Ps=100 W and ta=20 h (d), respectively. In 
Fig. 1, although the film (a) with Ps=200 W exhibited  a  Fe3Si (220) peak, the film (d) with Ps=100 W 
showed a formation of single-phase ȕ-FeSi2 (220) and (422). It was also found from Fig. 1 that the 
intensities of ȕ-FeSi2 (220) and (422) peaks increased with ta. From these results, we determined the 
optimal sputtering power to be 100 W.  
The dependence of mobility and electron concentration on ta for films (d=300 nm) deposited at Ps=100
W is shown in Fig. 2. Fig. 2 revealed that all the films exhibit n-type conductivity. Electron mobility 
increases with increasing ta, while the electron concentration decreases with increasing ta.  This  can  be  
interpreted by an improvement of crystalline quality of ȕ-FeSi2 with increasing ta, as evidenced by Fig.2. 
The origin of n-type conductivity of films may be due to unintentional incorporation of residual 
impurity during sputtering or the formation of Fe and Si vacancies [2]. High electron concentration is 
required to realize practical green devices.  
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Fig. 1. Comparison of XRD spectra for films with Ps=200 W 
and ta=20 h (a), as-deposited with Ps=100 W (b), Ps=100 W and 
ta=5 h (c), and Ps=100 W and ta=20 h (d). 
Fig. 2. Dependence of mobility and electron concentration on ta
for FeSi2 films with Ps=100 W. 
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Fig. 3. Dependence of XRD spectra for films with Ps=100W
using FeSi2 target only (a) and using FeSi2 target with Co chips 
in total Co area of 4 mm2 (b), 8 mm2 (c), 25 mm2 (d). All 
samples were annealed at 900 ºC for  ta=20 h. 
Fig. 4. Dependence of mobility and electron concentration on 
total area of Co chips placed on FeSi2 target for films with 
Ps=100 W and ta=20 h. 
It was reported that Fe atom was preferentially substituted by Co atom in ȕ-FeSi2 as n-type dopant [3]. 
Thus, we placed several Co square chips concentrically on FeSi2 target to control electron concentration, 
where the total area covered with Co chips was varied from 0 mm2 to 25 mm2. Fig. 3 shows dependence 
of XRD spectra on Co chip area for films (d=500 nm) deposited with Ps=100 W and ta=20 h. One can see 
that with increasing Co chip area, intensities of ȕ-FeSi2 (220) and (422) become lower and instead, two 
peaks originating from metallic CoSi2 (220) and Co2Si3 (220) appear and their intensities increase. Fig. 4 
shows dependence of mobility and electron concentration on Co chip area for films (d=500 nm) deposited 
with Ps=100 W and ta=20 h. From Fig. 4, electron concentration increases dramatically with increasing 
Co chip area, which indicates that the electron concentration was successfully controlled by Co doping 
into ȕ-FeSi2. A decrease in mobility is naturally explained by an increase in electron concentration. We 
confirmed a mixture of ȕ-FeSi2 and CoSi2/Co2Si3 phases in Fig. 3 (sample (c) and (d)), which causes their 
mobility to be order of 10-1 cm2V-1S-1 (0.18 cm2V-1S-1 and 0.14 cm2V-1S-1, respectively) as shown in Fig. 4. 
Fig. 5 shows I-V characteristics for n-ȕ-FeSi2 (d=500 nm)/p-Si diodes fabricated by Ps=100 W and
ta=5 h (a), Ps=100 W and ta=20 h (b), Ps=100 W with Co chips (4mm
2 in area) and ta=20 h (c). All 
samples exhibited rectifying properties of p-n diode.
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Fig. 5. I-V characteristics for n-ȕ-FeSi2 /p-Si diodes fabricated by Ps=100 W and ta=5 h (a), Ps=100 W and ta=20 h (b), Ps=100 W 
with Co chips (4 mm2 in area) and ta=20 h (c). 
By increasing ta, the current under the forward bias condition increased, while the current under 
reverse condition decreased. We consider that this improvement results from a decrease in defects such as 
Fe and Si vacancies at ȕ-FeSi2/Si interface by long time annealing [4]. By comparing the low forward 
bias region between the samples (a) and (c), current density increased by Co doping. We assume that this 
increase in current density in lower forward bias is caused by an increase in minor electron concentration 
(np0) in p-Si diffused from n-ȕ-FeSi2 films [5]. On the other hand, the current density drastically increased 
under reverse bias by Co-doping. This can be explained by an increase in generation-recombination 
current because of an increase in defects at the depletion layer by Co-doping. 
4. Conclusions 
The formation of ȕ-FeSi2 was observed from the samples prepared by RF magnetron sputtering after 
the annealing at 900 ºC. XRD result indicated that sputtering power of 100 W was preferable. Hall 
measurement revealed that all the annealed undoped ȕ-FeSi2 films exhibited n-type conductivity. With 
increasing annealing time, electron concentration slightly decreased by an improvement of crystalline 
quality of ȕ-FeSi2. We succeeded in controlling electron concentration widely ranging from 10
16 to 1020
cm-3. As for the Co doping, however, metallic CoSi2 and Co2Si3 were formed with increasing Co chip 
area. I-V characteristics of n-ȕ-FeSi2/p-Si diodes exhibited rectifying properties. I-V characteristics of 
Co-doped n-ȕ-FeSi2/p-Si diodes also demonstrated an increase in current under both forward and reverse 
bias, which can be caused by an increase in minority electron concentration in p-Si and by an increase in 
generation-recombination current at the depletion layer, respectively. 
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